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Abstract 
Residual stresses in adhesively bonded joints due to shrinkage (chemical reaction) or thermal movement of the 
adherents are likely to reduce load capacity of an assembly. In this paper rheometric measurements are used to 
evaluate the change of viscoelastic properties of the adhesive while curing as well as to determine the perpendicular 
forces developing in the adhesive joint during the curing process. The results give an indication of potential 
disturbances in the adhesives polymer network due to residual stresses and relaxation in the transition from the liquid 
to the solid state. 
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1. Introduction 
The curing reaction of adhesives leads to a transition of the rheological properties from viscous to 
elastic behaviour. During the formation of the polymer network a decrease in volume due to the chemical 
reaction takes place, which is generally referred to as shrinkage. Under confined conditions the shrinkage 
of the adhesive will cause residual stresses in an adhesive joint once the elastic properties of the adhesive 
dominate its viscoelastic properties limiting relaxation by viscous flow. Further residual stresses can be 
caused upon curing at elevated temperatures and after cooling to ambient temperature when adhesive and 
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adherent have different coefficients of thermal expansion. Stresses that occur during an early state of the 
curing process can cause defects due to local debonding leading to a reduction of strength and durability 
of the adhesively bonded joint [1]. Furthermore the formation of the polymer network is likely to be 
disturbed in comparison to curing under idle stress conditions. 
Standardized test methods related to shrinkage like dilatometry or thermo mechanical analysis [2, 3] 
only consider shrinkage of the neat polymer and do not take into account the residual stresses in adhesive 
joints under confined conditions. A method to determine residual stresses in materials is described in DIN 
EN 15305: “Test method for residual stress analysis by X-ray diffraction”. Since a precondition for the 
application of this XRD-method is a crystalline nature of the material to be tested, it is not suitable for 
adhesive polymers, which generally exhibit an amorphous structure. 
Newer approaches include the embedding of optical fibre bragg grating sensor into the polymer. Local 
forces imposed on the fibre in the course of the curing reaction can be determined. The drawback of these 
methods is, that the fibre itself is likely to interfere with the formation of the surrounding polymer 
network leading to interphases and stress conditions different from those that will appear in adhesive 
joints in the absence of the fibre sensors. 
Therefore the scope of this paper is to present a concept to measure the shrink induced residual stresses 
in adhesive joints under confined bond conditions and to correlate the formation of stress to the kinetics of 
the curing reaction. 
2. Experimental 
The advanced plate-to-plate rheometer instrument used in this study allows oscillation testing of the 
change in rheological properties in the course of curing and simultaneously controlling the gap between 
the test plates with a μm accuracy (Fig. 1 a). The rheological analysis provides storage and loss modulus 
as a measure of the elastic and viscous properties. When set to constant gap mode, the force between both 
test plates due to expansion or shrinkage of the adhesive can be monitored. In zero force mode the gap is 
periodically adjusted to avoid stresses perpendicular to the surface of the test plates (Fig. 1 b). Curing 
under predefined levels of tensile or compressive force in the range of up to 20 N is also possible. 
In this study a two-component acrylic adhesive is mixed in a asymmetric dual centrifuge type of mixer 
and then placed between the circular aluminum test plates (diameter: 25 mm) of the rheometer with a 
diameter of 30 mm. The variation of test parameters includes curing at ambient temperature (23 °C) and 
40 °C under confined conditions maintaining a constant gap value of 300 μm and curing at ambient 
temperature under zero perpendicular load conditions and monitoring of the decrease in gap width due to 
the shrinkage of the curing adhesive. The oscillating maximum shear deformation for the superimposed 
rheological analysis was limited to 0.001 at a frequency of 10 Hz to keep the interference with the 
polymer network formation as small as possible. 
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Fig. 1. (a) plate-to-plate rheometer; (b) operating principle of superimposed rheological analysis and perpendicular force control 
2.1. Residual stress due to curing shrinkage under confined conditions at ambient temperature 
Figures 2 and 3 illustrate the change in rheological properties and the development of perpendicular 
force due to shrinkage of a two component acrylic adhesive when cured under confined 300 μm gap 
conditions at ambient temperature in a period of time up to 1000 s (Fig. 2) and up to 5000 s (Fig. 3) after 
mixing. 
 
Fig. 2. two component acrylic adhesive, curing under confined 300 μm gap conditions at 23 °C 
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Fig. 3. two component acrylic adhesive, curing under confined 300 μm gap conditions at 23 °C 
After about 350 s the storage modulus exceeds the loss modulus, indicating that the gel point has been 
accomplished. From this point on the perpendicular force between the test plates constantly increases and 
reaches a maximum force corresponding to a weight of 800 g. After 850 s the perpendicular force 
decreases due to relaxation of the not fully cured adhesive. In this state the adhesives interfacial load 
capacity has not yet been fully developed and interfacial delamination is likely to occur once the stress 
due to shrinkage exceeds the adhesives superficial bond strength. In the following period of curing up to 
5000 s after the beginning of the experiment the perpendicular force declines gradually to a load value 
close to zero.  
2.2. Residual stress due to curing shrinkage under confined conditions at elevated temperature 
When curing takes place at elevated temperatures, a significant increase in residual stress due to 
shrinkage could be observed. Figure 4 compares elastic modulus and perpendicular force of a two 
component acrylic adhesive under confined 300 μm gap conditions at a temperature of 23 °C versus 
40 °C in a period of time up to 1200 s after mixing. 
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Fig. 4. two component acrylic adhesive, curing under confined 300 μm gap conditions at 23 °C compared to curing at 40 °C 
In Figure 4 the maximum force at 40 °C is reached after 500 s and ranges on a about 20 % higher level 
than upon curing under ambient temperature conditions. The elastic modulus after 1500 s is located on a 
similar level. At 40 °C the increased perpendicular load due to shrinkage does not decline in the manner 
observed at 23 °C causing a permanent residual load in the confined plate-to-plate assembly of 
approximately 350 g after 5000 s of the beginning of the experiment. 
2.3. Shrinkage under zero load conditions after curing at ambient temperature 
Taking advantage of the rheometers force control feature a set of curing experiments was conducted 
under zero force conditions. The initial gap of 300 μm is periodically adjusted to avoid any stress 
perpendicular to the surface of the test plates due to shrinkage. Therefore Figure 5 provides an indication 
of the reduction of adhesive gap thickness in adhesive joints due to shrinkage if the adherents’ surfaces in 
a joint are free to approach each other.  
Shrinkage again occurs once the curing reaction has passed the gel point and is completed after the 
viscous modulus has reached its maximum. Based on the initial gap width of 300 μm shrinkage of 
approximately 10 % could be observed in this experiment. 
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Fig. 5. two component acrylic adhesive, curing under zero load conditions at 23 °C 
3. Summary 
Rheometric measurements have been used to monitor the change of viscoelastic properties of a two-
component acrylic adhesive in the course of curing as well as to determine the normal forces developing 
in the adhesive joint due to shrinkage.  
When cured at ambient temperature under confined conditions, stress perpendicular to the surface of 
the test plates increases once the gel point has been reached and then decreases due to relaxation in the 
not fully cured adhesive. Curing at an elevated temperature of 40 °C leads to a significantly higher level 
of maximum stress and higher residual stress in the joint once the curing reaction is completed. In future 
experiments the influence of stress caused by shrinkage during the formation of the adhesives polymer 
network on the strength and durability as well as the properties of interphases in adhesive joints will be 
investigated. 
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